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ABSTRACT 
In recent years, the growth of fossil fuel use and greenhouse gases emissions (GHGs) has been 
promoted by the population increase and development of the industry sector. Due to the increasing 
attention towards the effects of climate changes on quality of life, recent researches on pollutant 
formation processes have been developed in different sectors, especially in transportation. The last 
emission standards on pollutants impose limits on the dimensions and on the particle number of the 
particulate matter emissions, because of the highly dangerous effect on human health. To fight high 
concentrations of particulate matter (PM) emissions, a wide number of studies are addressed towards 
the definition of the most important parameters in effective production of particulate matter, 
especially in spark ignition engines. Physical processes such as mixture formation, engine operating 
parameters and fuel chemical properties strongly affect the soot formation in gasoline engines. The 
heat transfer process between the piston hot surface and the fuel gasoline during the post-injection 
phase is a key aspect of soot emissions for an engine. This paper is devoted to analyzing 
the fundamental parameters that are responsible for pollutant formation in the transport sector and the 
actual experimental and numerical techniques used to predict the environmental impact of engines. 
Keywords:  climate changes, pollutant, transportation, particulate matter emissions, experimental 
and numerical techniques. 
1  INTRODUCTION 
In current years, the restructuring of the transport sector as a consequence of climate change 
on human living is assuming a fundamental role [1]–[6]. In 2015, the Member States of the 
United Nations committed to implement the 2030 Agenda for Sustainable Development. 
The 17 Universal Sustainable Development Goals (SDGs) consider a wide range of global 
problems, including the preservation of our environment and life conditions [7]–[10]. 
     In particular, the analysis of performance and pollutant emissions in engines is a key 
aspect due to the restrictive standards on engines emissions at homologation [9], [11]. 
Actually, research in the automotive sector mainly investigates the thermofluidynamic and 
chemical parameters occurring during the injection and combustion phases [12]. 
     Since the 1990s, passenger cars have been endowed with gasoline direct injection (GDI) 
engines because of their lower fuel consumption with respect to the port fuel injection (PFI) 
engines [13]. On the other hand, a worrying source of PM today is represented in the GDI 
engines. Considering the New European Driving Cycle (NEDC), GDI engines present a 
particulate number concentration 10 times that of PFI [14]. 
     Euro 6 regulations on pollutants also introduce a limit on particle number emission to 
6.0 x 1012#/km in Euro 6b in 2014, and 6.0x 1011#/km in Euro 6c, valid from September 
2017. The diameter of each particle at the engine exhaust is strongly linked to the residence 
time in air and to the impact on human health. In June 2014, the World Health Organization 
considered engine soot ultrafine particles as possible cause of cancers. Cardiovascular and 
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pulmonary illnesses and influences on human DNA can be caused by prolonged exposition 
to PM2.5 [9], [14], [15]. Thus, the study of processes that occur in the combustion chamber 
is important to better understand which are the parameters that influence the pollutant 
emissions [11], [16], [17] at the engine exhaust and the possibility to have abnormal 
combustion occurrence, such as knock [18], [19], thus a decrease in energy performance. 
Controlling air–fuel ratio, hence fuel injection in direct injection (DI) engines, surely 
represents an advantage to obtaining a stable, full and clean combustion process 
development [20], [21]. Due to various mixture formation processes and combustion 
evolution, the possible particle dimensions and compositions at the engine exhaust are 
various. In the detailed analysis of injection spray evolution, it is fundamental to take into 
account the possible impact with solid surfaces, especially if mixture formation occurs 
during the so-called wall-guided GDI combustion chamber methodology [22], [23]. The 
deposition of gasoline wall films in the combustion chamber is an important cause of 
pollutant emissions in engines [24], [25]. The wall piston surface temperature is considered 
a key parameter, influencing the entire working of the engine [26]. In this perspective, the 
analysis of the factors that affect the structure and the spatio-temporal development of the 
spray is fundamental in order to obtain reliable and predictive numerical models. This paper 
focuses on the state of the art of the main parameters that are responsible for particulate 
matter emissions and the actual experimental and numerical methodologies considered 
providing the pollutant formation in engines. 
2  MIXTURE FORMATION PROCESSES IN GDI ENGINES 
Automotive industries are recently addressing a transition from PFI towards direct injection 
spark ignition (DISI) engines [27]. In PFI configuration, gasoline is injected at a fairly low 
pressure in the duct of the intake valve; DISI systems allow for the direct injection gasoline 
in the combustion chamber using high-pressure injectors. Fig. 1 reports a basic scheme of 
the two different injection methodologies. 
 
 
Figure 1:  Port fuel injection (PFI) and gasoline direct injection (DISI) configurations [28]. 
     To understand the stratified charge, working the detailed knowledge of mixture 
formation processes in engines is fundamental [27]. Fig. 2 shows the main different 
methodologies of obtaining a charge stratification in an engine cylinder [29], [30]. The 
wall-guided technology provides that fuel spray is addressed towards the piston, which 
presents a typical shape steering the mixture in close proximity to the spark plug. The richer 
mixture region is instead addressed toward the spark plug due to the tumble movement of 
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the air that comes from the intake ducts in the air-guided configuration. The third possible 
mixture formation strategy for charge stratification is called spray-guided or jet-guided. In 
this case, there is a lower distance injector-spark and the gasoline is addressed directly to 
the spark location.  
 
 
Figure 2:  Mixture formation in a GDI engine [29]. 
3  PARTICULATE MATTER CONTROL STRATEGIES 
The most common techniques used to reduce particulate emissions in GDI engines are 
mainly focused on the reduction of soot formation linked to wall-film deposition on the 
piston surface and on the optimization of pollutants filtration system. Different techniques 
are used to control the PM formation in the combustion chamber of gasoline engines. An 
idea of these methodologies proposed by Piock et al. [31] is schematized in Fig. 3.  
 
 
Figure 3:  Strategy to control pollutant emissions in engines [14], [31]. 
     Piock et al. [31] underlined the link between the mixture formation process and ultrafine 
particle emissions. The technical strategy proposed is focused on some parameters linked to 
the intake system, as valve lift and valve timing, intake air temperature and filling 
coefficient linked to gasoline injection equipment, try to prevent fuel wall-film deposition, 
and reach an optimal distribution of air–fuel ratio in the combustion chamber using 
multi-hole and high-pressure injectors in order to have a better vaporization of fuel in the 
combustion chamber and lower values of Sauter mean diameter [14]. In fact, pollutant 
droplets strongly depend on the penetration length and velocity and evaporation process. 
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4  EXPERIMENTAL RESEARCHES 
Today, various techniques for pollutant emissions are based on the analysis of fuel spray 
evolution [32]. Key parameters of spray evolving during the injection stage as hollow cone 
and length penetration, can be investigated thanks to detection with high spatial and 
temporal images. A good accuracy in the pollutant formation prediction can be obtained 
through the complete and clear knowledge of the evaporation fuel process subsequent to 
the injection stage. From an experimental point of view, the spray characterization and the 
air–fuel ratio distribution in the combustion chamber are investigated considering different 
methodologies as laser-induced fluorescence (LIF) [33]–[36].  
     The influence of key parameters such as injection timings, piston shapes, and intake 
flow on the mixture formation process in GDI engines, is analyzed by Kang and Kim [21] 
through the laser-induced exciplex fluorescence (LIEF) methodology. Air–fuel ratio 
distribution is strongly linked to abnormal combustion events or pool-flames formation 
[18]. Previous works [11], [37] underline the experimental details in the analysis of 
gasoline spray from a wall-guided multi-hole injector and its impact over a hot wall on a 
real GDI piston. Different operating conditions can be investigated to study the spray/wall 
interaction and the subsequent gasoline vaporization.  
     An example of an experimental procedure adopting a piston used during the wall-guided 
methodology is reported in Fig. 4, in which is evident the piston shaped to avoid the charge 
stratification. The frequent injectors used in the experimental set-up for GDI engines is the 
multi-hole injector, because they offer a better fuel nebulization. Generally, a synchronized 
pulse from an electronic control unit (ECU) starts the spray delivery, and a fast camera is 
necessary to capture experimental images of the fuel. Zeng et al. [38] underlined the 
importance of infrared (IR) analysis to study in detail the heat exchange between 
the fuel spray and the piston considered.  
 
 
Figure 4:    Example of a scheme of an experimental set-up considered in the analysis of 
fuel wall film deposition [11]. 
     The most important parameters considered in the experimental tests are the duration of 
injection (DOI), the pressure of injection, and the start of injection (SOI), the inclination 
of the injector and the distance from the injector nozzle to the piston wall.  
     In this way, it is possible to study the injection event and the spray behavior after the 
impact on the piston wall. Another example present in literature of the high speed 
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experimental images that are possible to acquire from a multi-hole injector for different 
events is reported in Fig. 5 [32]. The sequence images refer to different time after the 
start of the injection (ASOI) at a temperature of 293 K, pressure of 1 bar (injection pulse 
1.5 ms). Aleiferis et al. [32] considered the behavior of two different fuels as shown in 
Fig. 5: the gasoline and the E85 (mixture of 85% ethanol and 15% gasoline). They 
highlighted the effects of different fuels during injection and combustion phases. The 
collection of this kind of images allows the acquirement of fundamental information about 
the penetration length evolution, or the spray hollow cone.  
 
 
Figure 5:    Example of spray evolution images for gasoline (first column) and E85 fuel 
(second column) [32]. 
     Different techniques are possible to detect the piston temperature, fundamental in the 
wall deposition phenomena. In recent experimental tests [39], local temperature 
measurements are detected from thermocouples mounted on the piston wall.  
     To have a better idea of the phenomena that occur during the post-injection phase, recent 
experimental researches adopt the IR analysis. By means of an IR camera, after a 
calibration performed by taking into account the piston material features, it is possible to 
measure the piston surface temperature distribution. 
5  NUMERICAL MODELS 
The spray model in engines is considered in various researches (for example Sirignano 
[40]; Fritsching [41]; Loth [42]; Costa et al. [43]; and Catapano et al. [44]). Sprays can be 
considered specific kinds of two-phase flows, presenting a main direction of liquid state, 
separated in particles ligaments, and a gas phase as a continuum. Sprays are considered as 
the result of high-pressure-driven liquid jets conducted in air by means of various injector 
nozzle holes. The spray atomization produces different liquid snippets, and particles, 
that can also evaporate. The modeling analysis, based on a detailed assessment of 
the three-dimensional computational fluid dynamic (3D CFD) studies, compared with the 
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experimental tests, can give fundamental information on the fluid-dynamic aspects, in order 
to obtain better results for energy efficiency optimization and reduction of the pollutant 
emissions of the engine under study. With respect to 1D, the 3D CFD model allows 
simulating in detail the engine operating conditions, the injection phase and the combustion 
evolution [45]. A proper CFD prediction model can reduce the costs and the time used in 
experiments necessary to study the engine optimization. For these reasons, CFD analysis is 
frequently used in order to simulate the injection phase.  
     Concerning fuel wall-film deposition, different models are used such as the 
Mundo–Sommerfeld, Kuhnke or Senda models in literature, to analyze the spray/wall 
interaction on the hot piston wall surface [46]–[49]. Between these, one of the most 
frequently used is the Kuhnke theory. This model is important because it considers the wall 
temperature during the interaction phenomenon, allowing a better analysis of heat exchange 
and the energy balance eqn before and after impact. Kuhnke [48] identifies four regimes, 








  . (1) 
     The identification of the different regimes can be made in the K, T* plane, as shown in 
Fig. 6, where T*=Tw/Ts, Tw being the wall temperature and Ts the droplet boiling 
temperature. The values of ρd, σd, µd are the density, the surface tension and the dynamic 
viscosity of the gasoline droplet, respectively. dd is considered as the average diameter of 
droplets. The droplet speed normal component to the surface is considered ud.  
 
 
Figure 6:  Regime map for spray/wall impact according to Kuhnke [48]. 
     Four different conditions are identified in the Kuhnke model:  
 the deposition regime in which it is possible to have wall-film: particles impacting 
fully attach on the wall;  
 in the splashing regime particles are nebulized and after their interaction on the 
surface can be formed smaller secondary droplets; 
 the rebound case, in which there is not wall-film formation, presents a vapor 
formation between the droplet and the surface that avoids directly the contact and 
allows reflecting the impacting particles; 
 the disintegration of particles in smaller droplets happens during the thermal 
conditions, in which there is not wall-film deposition. 
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     The comparison between numerical and experimental researches also helps to have a 
validation of the numerical model today. In this way, 3D CFD simulation can be 
fundamental to predict and try to control the pollutant emission formation. 
     Different simulation codes such as AVLFIRE, OPENFOAM, KIVA, ANSYS FLUENT, 
STAR CD [50]–[54] are today used to study the spray modelling and the mixture formation 
in engines. 
     Catapano et al. [11] provides a better understanding of which technical aspects and 
physical phenomena are involved in the pollutant emissions processes; for example, the 
results obtained from a synergic experimental and numerical research developed for DISI 
engine. Numerical CFD modeling enables the obtainment of additional information at the 
microscopic level of fuel droplets evolving, such as the droplet diameter. 
6  CONCLUSIONS 
The preoccupation for the effects of climate change on quality of life is addressing actual 
researches toward the analysis of pollutant formation processes in vehicles. The main 
parameters that are responsible for PM emissions are considered analyzing actual studies on 
fuel injection evolution in engines. 
     Some physical processes taking place in engines are investigated, underlining the 
benefits of the modern GDI with respect to the PFI engines. This research reviews some 
important actual experimental and numerical methodologies considered to provide the 
pollutant formation in engines. Experimental high spatial and temporal images provide 
important information on the injection phase. The choice of proper numerical model is 
fundamental to better predict pollutant emissions in an engine. 
     The comparison between experimental and numerical activity can allow for comparison 
between the experimental images of the spray characterization in different events and those 
obtained from numerical models, and also provide better knowledge of phenomena linked 
to particulate matter emissions such as wall-film deposition on the top piston surface. 
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